X-ray-induced chromosomal translocations were studied in mouse spermatogonial stem cells by meiotic analysis at the spermatocyte stage many cell generations after induction. Using a composite DNA probe for mouse chromosomes 1, 11 and 13, in combination with fluorescence in situ hybridization, the involvement of these three chromosomes in translocation formation was recorded. The obtained results at various sampling times ranging from 75 to 320 days after irradiation show no significant differences in the participation pattern of the painted chromosomes in multivalent formation with increasing sampling time. Pooling of the data at the different dose levels of 5 and 7 Gy indicated significant overrepresentation of the specifically stained bivalents in translocation formation. This suggests that clonal proliferation cannot be held responsible for the observed non-randomness. Experiments with the DNA-repair inhibitor 3-aminobenzamide showed no change in the recorded overrepresentation, indicating that it is probably not the repair of lesions that is causing this phenomenon but rather non-random induction.
Introduction X-ray-induced translocations in mouse spermatogonial stem cells have been extensively studied using spermatocyte analysis many cell generations after the moment of irradiation (for review see van Buul, 1983) . The involvement of specific chromosomes in these translocations has been assessed using morphologically detectable marker chromosomes such as translocated chromosomes (Zwanenburg et al, 1981; van Buul and de Boer, 1982; van Buul and Goudzwaard, 1986) or Robertsonian metacentrics (Crocker, 1982) . Basically two different mechanisms have been put forward to explain the recorded overrepresentation of the marker chromosomes in translocation formation. The first is clonal proliferation of aberration-carrying cells, which certainly plays a role in the recovery process of surviving stem cells. The other argues that meiotic delay of aberration-carrying cells takes place leading to overestimation of observed frequencies. In view of the facts that (i) there is direct evidence now available for meiotic delay of translocation-carrying spermatocytes relative to normals (van Buul et al, 1992) and (ii) the marker chromosomes used produced very complex multivalent configurations creating maximum delay, the second mechanism seems to be most likely. The development of composite chromosome-specific DNA probes for the mouse (Boei et al, 1994; Miyashita et al, 1994; Rabbits et al, 1995) has made it possible to study chromosomal participation in translocation formation without the use of specific marker chromosomes. In a recent study we noted at very late sampling times after irradiation (~300 days) an overrepresentation of chromosomes 1,11 and 13 in X-rayinduced translocation formation in premeiotic germ cell stages (van Buul et al, 1995) . To examine the possible role of clonal expansion of aberration-carrying stem cells we analysed in the present study the participation of the specific chromosomes in translocation multivalents using a range of different sampling times from 75 to 320 days. The results obtained indicate comparable overrepresentation of the specifically painted chromosomes at all sampling times used, suggesting that clonal proliferation cannot be held responsible for this non-random chromosomal involvement in translocations. Experiments using 3-aminobenzamide (3-AB), an inhibitor of some early steps in the cellular repair of DNA damage, showed a similar chromosomal 1,11 and 13 overrepresentation. This indicates that the repair of DNA breaks affected by 3-AB is probably not underlying the observed non-randomness but rather lesion induction might be the critical factor.
Materials and methods
Swiss random-bred (Hsd/Cpb:SE) male mice, 8-12 weeks old with an average weight of 30 g, received local testis (7 Gy) or whole-body (5 Gy) X-irradiation. For partial body irradiation the animals were anaesthetized with pentobarbital (Nembutal, 0.06 mg/g body wt), taped up ventrally and shielded with 6 mm of lead, except for the hindquarters. Seventy-five minutes before irradiation the mice of the 7 Gy group were injected i.p. with 3-AB (3 mmol/g body wt), which is known to enhance the translocation yield drastically (van Buul et al., 1990) . To analyse a possible effect of 3-AB prctreatment on the randomness of recovered translocations, 3-AB + 5 Gy and 7 Gy only groups were established (Table I ). All irradiations were earned out using an Andrex SMART 225 machine operating at 200 kV and 4 mA resulting in an HVL of 1.2 mm Cu and a dose rate of 0.6 Gy/min. In Swiss mice 5 Gy of X-rays kills -89% of the stem cells whereas 7 Gy kills 96%. At different time intervals after radiation, from 75 to 320 days (Table I) , meiotic preparations were made according to the technique of Evans et al. (1964) and stored at 
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-20°C until staining. The fluorescence in situ hybridization (FISH) staining procedure has been described in detail by Boei et al. (1994) and is primarily based on the method of Pinkel et ai. (1986) , involving the following steps The slides were incubated with pepsin (0.005%) in 10 mM HCI for 10 min at 37°C. After washing with PBS/50 mM MgCl 2 the slides were postfixed with 1% formaldehyde in PBS/MgCl 2 for 10 min at room temperature. The slides were washed with PBS, dehydrated and denaturated with 70% formamide, 2X SSC and 50 mM phosphate buffer (pH 7.0) for 2 min at 80°C. After denaturation the slides were immersed in cold ethanol and dehydrated. Some 300 ng biotin-labelled PCR probe was used per slide. The PCR probe was mixed together with sonicated salmon sperm DNA and mouse Cot-1 DNA (15 |ig) and dried by vacuum centrifugation. The DNA was resuspended in a hybridization mixture (50% formamide, 2X SSC, 50 mM phosphate buffer pH 7.0 and 10% dextran sulphate), denatured at 70°C for 5 min and hybridized in situ overnight at 37°C with the cytological preparations. After hybridization the slides were washed three times in 50% formamide/2X SSC (pH 7.0) at 42°C, followed by three washes in 0.1X SSC at 60°C. For immunofluorescence detection, the slides were incubated with avidin-fluorescein isothiocyanate (Vector Labs, USA) for 30 min at room temperature. The signal was amplified using biotinylated goat anti-avidin (Vector Labs, USA). After dehydration in ethanol, the slides were embedded with Vectashield mounting medium (Vector Labs, USA) containing 0.15 |lg/ml DAPI. Slides were analysed using a fluorescence microscope. Identification of multivalents was performed using a filter showing DAPI signals whereas participation of the painted chromosomes was determined with the help of a FTTC filter. About 100 cells from each testis were analysed.
Results
The testis weights and frequencies of induced translocations at the different sampling times used are presented in Table I . The testis weights of all irradiated groups are clearly reduced compared with unirradiated controls. Furthermore, there is a significant increase in testis weight from 75 to 190 days postirradiation with 5 Gy (Mest, P < 0.02) and from 105 to 190 days after the 3-AB + 7 Gy treatment (Mest P < 0.001), demonstrating that full recovery had not yet occurred at the earliest sampling times used. The data at the latest sampling time suggest some decrease, although this was only significant in the unirradiated group (/-test, P < 0.001).
The results on the recorded frequencies of translocation multivalents indicate, as expected, higher levels for the 3-AB + 7 Gy group than for the 5 Gy group (mean value of 17.1 versus 10.9%). With respect to the different sampling times, only in the 500 rad group between 75 and 190 days was a significant increase in translocation frequency present (f-test, P < 0.05); all other differences were non-significant.
The participation of the painted chromosomes in multivalent formation for the different doses and sampling times used are presented in Table n . At each dose level, when tested with x 2 analysis, no significant differences between the various sampling times could be demonstrated. Similarly, pooling the two dose level groups did not reveal any change in multivalent spectrum with time after irradiation.
The DNA content of the specifically labelled chromosomes that we used, including correction for the terminal part of chromosome 13, which did not show any signal (Boei et al. 1994) , was -15.7% (Committee on Standardized Genetic Nomenclature of Mice, 1972; de Boer and van Gijsen, 1974) . However, since we performed meiotic translocation detection, exchanges in the non-painted parts of chromosome 13 would also result in (partly) painted multivalents. Thus the total amount of DNA in the three chromosomes of 16.1% should be taken to analyse chromosomal involvement in relation to DNA content Assuming chromosomal translocation involvement to be proportional to DNA content, the expected frequencies of the different painting classes of multivalents can be calculated (Table II) . When the data at the 5 Gy level were pooled for the different post-irradiation periods, a highly significant overrepresentation of the painted chromosomes in multivalent formation was present (x 2 = 18.5 P < 0.001). A similar preferential involvement could be traced back for the pooled 3-AB + 7 Gy data (x 2 = 11.5 P < 0.01).
To find out whether 3-AB pretreatment influences the participation of the painted chromosomes in translocation formation, the data of the pooled 5 Gy group were compared with the 3-AB plus 5 Gy group and the pooled 3-AB plus 7 Gy group was compared with the 7 Gy only group (Table  IT) . Chi-square analysis did not reveal any differences between these groups, thus indicating no effect of 3-AB on the recorded overrepresentation of the painted bivalents in translocation multivalents.
Of the >10 000 cells analysed for this study, with a total of 413 multivalents involving a painted and a non-painted chromosome, only eight cells (2%) were recorded as showing translocation bivalents without a concomitant translocation configuration formation. This confirms our earlier conclusion about the equal scoring efficiencies of mitotic and meiotic stages using FISH analysis (van Buul et al, 1995) .
Discussion
To evaluate the effect of clonal proliferation on the spectrum of X-ray-induced translocations in mouse spermatogonial stem cells, we have studied the FISH staining patterns of multivalents formed at the spermatocyte stage at different times postirradiation. The results obtained showed that no significant differences occurred with sampling times ranging from 75 to 320 days after irradiation, despite the fact that changes in both The observed distribution was tested against the one expected on basis of DNA content proportionality. testis weights and translocation frequencies clearly indicated active proliferation of surviving stem cells. When pooled for the different sampling times, chromosomes 1, 11 and 13 turned out to be significantly more involved in translocation formation than expected on the basis of their total DNA content. In principle, it could be possible that differential selection of certain types of translocations took place between the moment of irradiation and the first sampling times used here, but this is very unlikely. The results thus indicate that clonal proliferation of aberration-carrying cells cannot be held responsible for the earlier reported overrepresentation of mouse chromosomes 1,11 and 13 in X-ray-induced translocations in premeiotic stages (van Buul et al, 1995) . Our data confirm other in vitro observations of non-random chromosomal involvement in radiation-induced exchanges in chimpanzee blood lymphocytes (Paravatou-Petsota et al, 1985) , diploid human fibroblasts (Kano and Little, 1986) , human blood lymphocytes (Tucker and Senft, 1994; Knehr et al, 1994) , human lymphoblastoid cells (Jordan and Schwartz, 1994) and Chinese hamster cells (Slijepcevic and Natarajan, 1994 ). However, it should be noted that several other studies using human blood lymphocytes report random chromosomal participation in radiation-induced exchanges (Kovacs et al, 1994; Pandita et al, 1994; Matsuoka et al, 1994) , and it is difficult to evaluate to what extent technical differences underlie these contradicting results.
Poly(ADP-ribose)polymerase, the enzyme inhibited by 3-AB, is involved in a number of cellular functions, such as DNA synthesis, gene expression and differentiation, modulation of enzyme activities, chromatin structure, DNA repair and apoptosis (for review see Cleaver and Morgan, 1991; Satoh and Lindahl, 1992; Kaufmann et al, 1993) . Our observations that 3-AB pretreatment does not alter the translocation spectrum to a more random involvement indicate that none of these processes plays an essential role here. This might suggest that the non-random induction of DNA lesion could be mainly responsible for the recorded overrepresentation.
